Introduction
T he blood-brain barrier (BBB) helps to maintain neurological function. Shlosberg et al. cited that the high incidence of BBB breakdown is commonly associated with traumatic brain injury (TBI). 1 The consequences following BBB dysfunction are severe, with BBB breakdown leading to transcriptional changes in the neurovascaular network that cause neuronal dysfunction and degeneration. 1 In addition, severe pathoanatomical (hematoma, subarachnoid hemorrhage, diffuse axonal injury 2 ) and mechanical consequences (cerebral edema and ischemia 3, 4 ) may result. Primary BBB damage may be a result of traumatic injury, 1 which may be inflicted through closed head injuries or penetrating brain injuries (PBI). Despite the severity of PBI, their relative complexity, 5 compounded with our lack of understanding has led to nonideal clinical management (typically defaulted to that closed head injuries). 6 It was suggested that the paracrine signaling effects among the astrocytes, glial, and cerebrovascular endothelium play a role in maintaining the function and phenotype of the BBB. [7] [8] [9] Cerebral inflammation that arises after injury is also a major concern in the regulation of the BBB. On this note, Schwartz and Baruch has made significant contributions to our understanding of the brain-immunity relationship, stating that the choroid plexus (CP) is an on-alert gate for the recruitment of leukocytes capable of resolving inflammation, going further to suggest that the CP might also be a target for therapeutics. 10, 11 More importantly, they have also suggested that circulating immune cells are critical to the normal functioning of the central and peripheral nervous system. 12 To prevent and/or restore neurological function after PBI, targeted delivery of biomolecules may be necessary. As such, one proposed strategy for targeted delivery could be attained either through the development of cytoprotective genes 13 or proteins. 14 However, these biomolecules require suitable carriers that prolong their bioavailability for effective therapeutic effects. 15, 16 To address this, synthetic methylcellulose-based gel constructs, 17 freeze-dried hyaluronic acid and polylysine hydrogels, 18 and fibrin scaffolds for the transplantation of bone marrow stromal cells 19 have all been evaluated for their use with brain tissue. Wong et al. 20 recently demonstrated in a murine model of PBI that polycaprolactone (PCL) sponges elicited a lower immune response than poly(lactic-co-glycolic acid) (PLGA) and that both lowered the scarring and secondary cell death as compared to not having an implant. We have also previously demonstrated that PCL-based scaffolds produced through fused deposition modeling did not worsen inflammation when placed in direct contact with brain tissue. 21 Apart from their potential use as biomolecule delivery vehicles, bioactive scaffolds may also be used to assist in the regeneration of the cranium, 22 which is important for preventing neurological deterioration and significant depression after PBI. 23, 24 For this purpose, we have developed PCL/ tricalcium phosphate (PCL/TCP) scaffolds that are capable of promoting bone regeneration. [25] [26] [27] In addition, our previous report suggested that PCL/TCP scaffolds have reduced inflammation as compared with PCL scaffolds, possibly due to the localized increase in pH to combat clinical acidosis.
To the authors' knowledge, there is no previous report on the investigation of PCL and PCL/TCP scaffolds placed in direct contact with brain tissue, and thus this study aimed to investigate the effects of these scaffolds on the BBB and cerebral inflammation. We hypothesized that PCL-based scaffolds will not further compromise the integrity of the BBB, and will not lead to higher inflammation when placed in direct contact with cerebral tissue. The potential benefit of the results now, taken together with our previous findings, will provide more evidence for the safe use of PCL and PCL/TCP scaffolds as potential biomolecule delivery vehicles in the future.
Materials and Methods

Surgical procedure
The animal studies in this work were approved by the animal ethics committee Institutional Animal Care and Use Committee (IACUC, protocol: IACUC 096/11) at the National University of Singapore. Female Sprague Dawley rats (*250 g) were anesthetized with isofluorane, before surgical exposure of their skulls. Three millimeter anterior to the bregma (sham) and two other positions were marked: 3.5 mm left (PCL/TCP) and right (PCL). Holes of 3 mm depth were drilled into the cerebral cortex at these three locations with a 3 mm outer diameter trephine. All animals were closely monitored after surgery and all of them recovered without any neurological deficits.
PCL and PCL/TCP scaffolds PCL and PCL/TCP scaffolds (Osteopore International Pte Ltd.) were fabricated using a solvent-free approach of fused deposition modeling 19, 20 to achieve a lay-down pattern of 0°/60°/120°with a porosity of 70%, as reported earlier. The incorporation of TCP could be visualized by scanning electron microscopy (SEM 6390LA; JEOL) (white arrows, Fig. 1A ). To fit the defects created in the rat cranium, the scaffolds were designed in a plug-like manner. PCL plugs with a diameter of 3 mm were fitted snugly into the cavity left of the bregma, whereas PCL/TCP scaffolds of similar geometry were fitted snugly into the cavity right of the bregma. Sham (3 mm anterior, superior sagittal sinus) was left without scaffold implantation (Fig. 1B ).
Histopathology and immunohistochemistry
Following perfusion, the brains were harvested and postfixed in 10% buffered formalin. The brains were then dehydrated in an ascending series of alcohol, cleared with xylene, and then embedded in paraffin wax. The brain tissue was dehydrated in an ascending series of alcohol, cleared with xylene, and embedded in paraffin wax. 10 mm thick coronal serial sections were cut. The sections were dewaxed in xylene and hydrated with descending series of alcohol. Paraffin sections of 4 mm thickness were cut and microwaved in citrate buffer for antigen retrieval and blocked with peroxidase blocking reagent (S2023; DAKO UK Ltd.). , and GFAP, respectively. Subsequent antibody detection was carried out using anti-mouse (rat absorbed), anti-goat, or anti-rabbit IgG (ImPRESS Ig reagent kit; Vector Laboratories). For fluorescence staining, FITC-conjugated and Cy3-conjugated secondary antibodies were used instead. For brightfield microscopy, all samples were visualized using 3,3¢-diaminobenzidine (DAB). All samples were examined using a brightfield and fluorescence slide scanner (SCN400; Leica).
Determination of pixel area and intensity
Pixel areas and intensity for SMI-71 and AQP-4, respectively, were calculated using ImageJ (version 1.46r; National Institute of Health, http://imagej.nih.gov/ij). Colored images were first converted into 8-bit images followed by thresholding, leaving the regions of interest black. Subsequently, noise was removed by removing outliers, and the final binary image was compared to the original image carefully to ensure a good representation of the original. Cell counting and area measurement were then conducted on the final binary image. At least three regions were chosen for analysis for each image. A total of three images per anatomical location were used in the calculation of the pixel area (thus n = 9). In this study, the defect (R1) and periphery (R2) region are as defined in Figure 2 .
Statistical analysis
For determining statistical significance, two-tailed Student's t-test was conducted, and p < 0.05 was considered statistically significant.
Results
Expression of endothelial proteins (SMI-71)
The expression of SMI-71 could be clearly observed in the peripheries of the sham, PCL, and PCL/TCP groups (Fig.  3A, 1 week and 1 month) , with most taking on a circular cross-sectional morphology. At the defect region, however, PCL and PCL/TCP groups exhibited lower expression of SMI-71. At endpoint (Fig. 3A, 1 
FIG. 3. (A) SMI-71 immunohistochemistry and (B)
ImageJ quantification of total capillary number and average capillary area. SMI-71 was clearly expressed in the peripheral region of all groups. In the defect region (dark circled), morphological observations that the capillary count and area were superior in the PCL/TCP group as compared with the PCL group was confirmed by ImageJ analysis, with the results presented in (B). Notable superiority in total capillary count and average capillary area in PCL/TCP could be observed. Scale bar represents 500 mm. Color images available online at www.liebertpub.com/tea the expression of endothelial barrier antigens (EBAs) could be observed at the defect region across all groups.
Capillary area
The number of capillaries and their individual areas were determined, and by comparing against the peripheries of each individual group (i.e., defect vs. periphery), the average capillary area in the PCL/TCP scaffold group was 30% smaller, whereas the PCL scaffold group was 60% smaller (Fig. 3B) . Between PCL and PCL/TCP scaffold groups at the defect site, capillary area in the PCL/TCP group was 23% larger (Fig. 3B, p > 0.05) . Interestingly, the number of capillaries and their area in the PCL/TCP group remained at approximately the same levels between 1 week and 1 month, whereas an increase was observed in the PCL groups.
IL-1b expression
Proinflammatory cytokine IL-1b was evaluated after PBI. Gross observations (Fig. 4A) indicated that IL-1b expression levels were similar across all groups, as compared with the peripheral region of the hippocampus (Fig. 4B , p > 0.05).
AQP-4
The AQP-4 expression was observed across all groups (Fig. 5) , as evidenced by the appearance of AQP-positive astrocytes. Compared to sham (no scaffolds), the intensity of AQP-positive astrocytes in the PCL/TCP scaffolds was upregulated to a lower extent (Fig. 5, p < 0.05) . Conversely, PCL scaffolds attenuated BBB alterations less when compared to PCL/TCP (Fig. 5, p > 0.05) .
Discussion
Presently, scaffolds in tissue engineering and regenerative medicine have bifunctionality, as structural supports as well as biomolecule delivery vehicles. In this study, we evaluated PCL-based scaffolds that may function as biomolecule delivery vehicles 20 and for the regeneration of the cranium. PCL is a biomaterial that has traditionally been used as a Expression of AQP-4 in PCL/TCP scaffold group appeared to be lower than that of PCL and sham, and was confirmed by ImageJ analysis for stain intensity in the selected regions (white dotted squares). Scale bar represents 1 mm. Color images available online at www.liebertpub.com/tea drug delivery device, 28 and more recently as a scaffold for promoting bone regeneration. 29 Previously, we have also demonstrated that PCL and PCL-based scaffolds were able to deliver recombinant human bone morphogenetic protein-2, as well as provide sufficient structural support to promote bone healing. 30 Given the bifunctionality of PCL-based scaffolds, they may have potential for use in PBI, both as biomolecule delivery vehicles as well as for the regeneration of the cranium. As a preliminary study to evaluate this, PCL-based scaffolds were evaluated for their compatibility with brain tissue, by investigating their effects on the BBB, and cerebral inflammation, which plays a significant role in disrupting/maintaining the BBB.
Cerebral ischemia has severe clinical complications that will affect patient mortality rates. 31 Therefore, it is important to maintain or promote regeneration of the vascular supply to injured brain tissue after PBI. To ascertain this, we have chosen to evaluate the expression of EBAs, which are proteins located within the plasma membrane of microvascular endothelium, and are selectively expressed in the normal nervous system. 32 In this study, we observed that PCL and PCL/TCP scaffolds were comparable in the expression of EBAs as compared with the sham group (no scaffolds), suggesting that they do not cause further changes to vascular supply in and around the defect.
The use of scaffolds for the treatment of TBI is not unprecedented, with Mahmood et al. 33 showing that collagen scaffolds may be used as vehicles for transplanting human mesenchymal stem cells. In addition, Wong et al. 20 illustrated the use of PCL and PLGA sponges as potential biomolecule delivery vehicles. Common to both these reports would be the similarities in terms of stiffness to brain tissue, which is reportedly between (1.0-3.5 · 10 3 dyn/cm 2 ).
34
While the stiffness of both PCL and PCL/TCP scaffolds are considerably higher than that of brain tissue, 35 tissue ingrowth into the bioresorbable scaffold is still possible, owing to its highly porous structure. 36 In fact, a highly porous structure is a necessary requirement to facilitate cellular and vascular infiltration. 37 Our results suggested that both PCL and PCL/TCP did not obtund vascularization, which is a significant finding.
Cerebral vascularization and inflammation are key events that determine the extent of neurological dysfunction. Our previous findings 21 demonstrated that cerebral inflammation was not further aggravated in PCL and PCL/TCP groups. The attenuated expression of IL-1b was an expected outcome, as it is known from previous studies that its expression does not persist more than a few days. 38 However, due to foreign body reaction, it was of interest to ensure that inflammation was not prolonged further. In this study, our results demonstrated that prolonged inflammation did not occur in both scaffold groups.
AQP-4 is a water channel protein that allows for the transmembrane transport of water. 39 It is strongly expressed in the brain, and has been postulated to be the main membrane protein regulating water flux. 40 The need for AQP-4 stems from its involvement in brain edema, [41] [42] [43] [44] the swelling of tissue due to increased water and sodium loading. 39 Previously, AQP-4-deficient mice have been reported to have poorer neurological deficit scores and poorer survival rate, a direct consequence of increased tissue water content and astrocytic swelling. 42 Therefore, it is important that the transcellular transport of water is regulated tightly by the aquaporins, specifically AQP-4 in the brain. This has clear, potential, clinical implications such as reduction in cerebral edema, which may improve patient prognosis, as suggested by Ding et al. recently. 4 
Conclusion
In this study, we studied the effect of PCL and PCL/TCP scaffolds on the BBB and cerebral inflammatory response to PBI. EBA expressions were recovered by 1 month across all groups, suggesting that PCL-based scaffolds did not cause further changes to the vascular supply in and around the defect region. In terms of cerebral inflammation, prolonged inflammatory responses were not present despite the presence of PCL-based scaffolds for 1 month, demonstrating that these scaffolds do not induce undesired and prolonged inflammation in the long run. Finally, AQP-4 expression was downregulated initially in the PCL/TCP group, suggesting that interleukin-induced AQP-4 expression was reduced, potentially leading to better clinical prognosis. Taken together, the results of this study provide evidence that PCLbased scaffolds may be used in direct contact with cerebral tissue safely.
